(MOLA) which is carried on board Mars Global Surveyor (MGS) has been analyzed for the period of the MGS mission known as Science Phasing Orbit 1 (SPO-1). We have used these altimeter ranges to improve orbit and attitude knowledge for MGS. This has been accomplished by writing crossover constraint equations that have been derived from short passes of MOLA data. These constraint equations differ from traditional crossover constraints and exploit the small foot print associated with laser altimetry.
Introduction
The full potential of many investigations in the spacegeodetic and planetary sciences is limited by the accuracy with which spacecraft ephemerides can be computed. Such investigations include gravity estimation, limb occultation experiments and altimetric mapping of topography. Usually, ephemerides are produced by orbit solutions which rely on ground based tracking and possibly satellite-to-satellite tracking. For some Earth orbiting satellites, radar altimetry over oceans has proven to be of use when added to conventional tracking data in orbit solutions. This paper reports the first use of satellite altimeter data in an orbit solution (a) from a laser over solid topography and (b) for a spacecraft orbiting a planetary body other than the Earth. Laser altimetry has some advantages over radar altimetry which are very useful in orbit determination, especially for planetary orbiters. This paper also reports on a technique for exploiting the advantages of laser altimetry in orbit and attitude determination.
Radar vs. Laser Altimetry in Orbit and Attitude Solutions
Altimetry in the form of "crossovers" is what is usually used for orbit determination.
Using altimetry in this form requires the least knowledge about the surface at which the altimeter is pointed. Shum et al. [1990] give a good description of the use of altimeter crossover constraint equations in orbit determination.
Typically, crossovers are thought of as a way to assess or improve only the radial component of a satellite's orbit. That is because in most cases, the horizontal location of the crossover and the pair of times at which each crossover occurs are predetermined from orbits that have been already well determined.
Most crossover constraint equations that have been used with radar altimetry are formulated in terms of height discrepancies.
We have just finished analyzing the use of MOLA altimetry in MGS orbit solutions during he period known as SPO-I (March 27 -April 28, 1998) . The SPO-1 phase of the MGS mission and the characteristics of the MGS orbit during this period are described by Albee [1998] .
The MOLA instrument [dfzal, 1994] has some attributes which are different from radar altimeters [Zuber et al., 1992] . Because of this, we have formulated our crossover constraint equations to describe the minimum distance between two curves that https://ntrs.nasa.gov/search.jsp?R=19990025657 2020-01-12T02:34:27+00:00Z have been traced outontheplanet surface instead ofaheight discrepancy atapredetermined point.
Thisrequires that each crossover constraint equation takes intoaccount awhole series of altimeter ranges fromeach of the two altimeter passes (ascending and descending) surrounding the locationwherea conventional (height discrepancy) crossover occurs. These ranges are"geolocated" (the planet fixed coordinates of the bounce pointsare determined) by using knowledge ofthespacecraft orbitand instrument pointing. Foreachpairof nearlyintersecting passes we determine the two planet fixedlocations (and therefore thetimes) at whichthepasses comeclosest to intersecting. Thedistance between these twopoints is our crossover discrepancy.
In orderto describe howthesecrossover constraints interact in anorbitsolution whichrelies predominately on ground based tracking, it is important topoint outthatorbit determination is aniterative procedure. Oneach iteration, as theestimate oftheorbitevolves, weredetermine theplanet fixedlocations (and equivalently thetimes) atwhich thepairs of passes of MOLA altimetry come closest to intersecting. This redetermination is necessary since MOLA is returning data with high horizontal resolution over sloping terrain. In fact, the sloping terrain is taken into account in our crossover constraint equation through the use of short passes of altimetry (as opposed to single points). The use of terrain allows the crossover constraints to contribute to the change in crossover locations (times) on subsequent iterations. The change in crossover locations facilitates the improvement in resolution of the horizontal components of the orbit as well as the radial component.
Another facet of our crossover modeling is that we do not assume that the altimeter is nadir pointing. Laser altimeters typically operate at off nadir angles. As a result we need to use spacecraft attitude and laser pointing information as part of the crossover computation (in the geolocation of bounce points).
That makes it possible to have our crossover constraint equations contribute to the refinement of spacecraft attitude and laser pointing parameters. With radar altimetry, pointing information is obtained by analyzing the waveform of the return pulse e.g. [Hayne et al., 1994] .
The goals of this paper are to give a general description of the above formulation of crossover constraints and to demonstrate that this formulation can be used to exploit two unique possibilities of satellite laser altimetry: the refinement of attitude parameters directly from crossover analysis and the improvement in the resolution of the horizontal components of a satellite's orbit.
Formulation of Laser Crossover Constraint

Equations
In a least squares batch estimator, a constraint equation can be treated just like an observation equation. In order to sum an observation into a set of normal equations, all that is needed is a residual (residual = observation -computed observation), a weighting factor and the partial derivatives of the computed observation with respect to all of the adjusting parameters. For crossovers, we let the observed value equal zero. The computed value is the crossover discrepancy (minimum distance between passes) and so the residual is the negative of the minimum distance. The weighting factor is the square of the reciprocal of a user assigned crossover standard deviation. This standard deviation corresponds roughly to the expected crossover discrepancy after adjustment. For MGS we have used a value of five meters for the standard deviation of each crossover constraint equation.
In order to explain how the partial derivatives are computed, it is necessary to give a few more details about the procedure for computing crossover discrepancies. In this section we will gauge orbit quality in four ways:
1. Orbit overlap statistics 2. Formal standard deviations of adjusted parameters 3. Fit to ground tracking data 4. Crossover discrepancies Table I shows the five 12 hour overlaps between the six arcs in SPO-I for the three SX solutions. It shows that inclusion of MOLA altimetry improves total positioning of the satellite, mainly through horizontal improvement. The improvement is slightly better if MOLA is allowed to contribute pointing information. In evaluating the improvements it is important to note that MGS was in a highly eccentric orbit during SPO-I and altimetry observations could only be made for approximately one half hour of each ! I hour 38 minute revolution. It is also worth noting that the altimeter only returned data during periapsis when the satellite was usually well tracked from the Earth. As a result, overlap discrepancies during these periapsis pass portions of the orbit tend to be smaller than elsewhere whether or not altimetry is included. The inclusion of MOLA data should be even more useful when it can be applied over the entire orbit (after the MGS orbit is circularized at the end of aerobraking). Table II gives the formal standard deviation of the six initial kepler state parameters of the six arcs. As would be expected, the standard deviations are improved by the addition of constraint equations. However, it is interesting to note that the parameters that seem to be generally the most improved are inclination (I), fight ascension of the node (_) and the argument of perigee (co). These correspond to cross track (I and _) and along track (o) components of the orbit and this correlates well with the results shown in table I.
There is only one arc (5) for which the standard deviation of the semi-major axis (A) is dramatically improved. That corresponds to an improvement in the radial component and seems to correlate well with the only overlap for which there is a dramatic improvement in the radial component (overlap 4/12-4/418 between arcs 4 and 5). The agreement between tables (I) and (II) is encouraging.
The inclusion of crossover constraints into an orbit solution that contains observation equations from ground tracking can not improve the fit of the solution to the ground tracking observations. However, in these SPO-1 arcs the fit was not seriously degraded. 4. There is a 0.112 second observation timing bias associated with the MOLA observations.
5.
We have improved the geolocation of MOLA data by using MOLA data in orbit and attitude solutions. 
